Absence of Shb impairs insulin secretion by elevated FAK activity in pancreatic islets.. and Akt. Beta-catenin protein expression was elevated and it showed increased nuclear localization. However, there were no major alterations of gene expression of various proteins involved in the beta-cell secretory machinery. Nor was Shb deficiency associated with changes in glucose-induced ATP generation or cytoplasmic Ca 2+ -handling. In contrast, the glucose-induced rise of cAMP, known to be important for the insulin secretory response, was delayed in the Shb-knockout compared to wild-type control. Inhibition of FAK increased the submembrane cAMP concentration, implicating FAK activity in the regulation of insulin exocytosis. In conclusion, Shb deficiency causes a chronic increase of beta-cell FAK activity that perturbs the normal insulin secretory characteristics of beta-cells, suggesting multifaceted effects of FAK on insulin secretion depending on the mechanism of FAK activation.
Introduction
Src homology-2 domain containing protein B (SHB) is a pleiotropic adapter protein generating signaling complexes in response to tyrosine kinase activation via multidomain interactions (Anneren, et al. 2003) . These complexes are context dependent and exert different roles in different settings. SHB has been found to regulate apoptosis, proliferation, differentiation and the cytoskeleton (Anneren et al. 2003) . In insulin-secreting pancreatic beta-cells, SHB overexpression increases focal adhesion kinase (FAK) and insulin receptor substrate (IRS)-1/2 signaling (Welsh, et al. 2002) and proliferation (Anneren 2002) but also increases apoptosis in response to stress (Welsh, et al. 1999) . FAK is a tyrosine kinase operating in submembranous focal adhesions connecting the extracellular matrix with intracellular signal transduction and the cytoskeleton (Parsons 2003) . Cues from both extracellular matrix proteins and intracellular signaling events stimulate FAK activity, which in turn acts as a scaffold in focal adhesions and activates various downstream signaling pathways, such as Akt and ERK (Parsons 2003) . In beta-cells, FAK has been shown to convey signals from the extracellular matrix (Hammar, et al. 2004 ), promoting beta cell survival, and from glucose (Arous, et al. 2013; Rondas, et al. 2011; Rondas, et al. 2012) , stimulating insulin secretion both in vitro and in vivo (Cai, et al. 2012 ).
Absence of Shb has no effect on beta-cell proliferation but reduces cell death in response to cytotoxic agents (Akerblom, et al. 2009; Mokhtari, et al. 2009 ). In addition, Shb-deficient mice show mild glucose intolerance due to a reduction in insulin secretion (Akerblom et al. 2009 ). The mechanisms underlying this secretory defect are unknown. Glucose stimulation of insulin secretion involves uptake and metabolism of the sugar and the resulting production of ATP causes membrane depolarization by an inhibitory action on ATP-sensitive K + channels (Rorsman and (Rorsman and Braun 2013) . Glucose metabolism also stimulates the generation of cAMP and other metabolic coupling factors, which amplify the Ca 2+ -triggered exocytosis response (Dyachok, et al. 2008; Henquin 2009 ). The glucose response is typically biphasic with a pronounced first phase lasting a few minutes followed by lower rate of secretion that is sustained or slowly increasing (second phase). Shb knockout seems to affect primarily the first phase of insulin secretion (Akerblom et al. 2009 ).
In the present study we investigated whether absence of Shb was associated with changes in ATP generation, [Ca 2+ ] i , cAMP and tyrosine kinase signaling and gene expression of certain exocytotic proteins in isolated islets. There were little abnormalities in Shb-knockout islets. However, we observed elevated constitutive FAK activity that provides an explanation for the similarly increased activities of Akt and beta-catenin. Moreover, glucose-induced cAMP elevation was delayed, a finding that probably underlies the reduced first-peak insulin secretion, and which may occur as a consequence of increased FAK activity in Shb-deficient islets.
Experimental

Mice
Wild-type and Shb-knockout mice (Kriz, et al. 2007 ) on a mixed genetic background (FVBJ/C57Bl6/129Sv) of 2-5 months of age were used for islet isolation. Approval for breeding and sacrifice of mice had been given by the local animal ethics committee.
Islet isolation
Animals were killed and pancreata were removed and put into Hanks' solution (SVA, Uppsala, Sweden and 380 nm that was reflected by a 400-nm dichroic beam splitter, and emission was measured at 510 nm/40 nm half-bandwidth using a CCD camera (Orca, Hamamatsu, Hamamatsu City, Japan) with an image intensifier (C8600, Hamamatsu). The
Metafluor software (Molecular Devices) controlled the monochromator and the camera, acquiring image pairs every 2 s with 100-400 ms integration at each wavelength and <1 ms for changing wavelength and slits. To minimize bleaching and photodamage, the monochromator slits were closed until the start of the next acquisition cycle. Ratio images (340/380 nm) were obtained after subtraction of background and [Ca 2+ ] i values calculated as previously described (Grynkiewicz, et al. 1985) .
Real-time measurements of cAMP
Measurements of the sub-plasma membrane concentration of cAMP were performed with a CFP/YFP-based translocation reporter and TIRF microscopy as previously described (Tian, et al. 2011 ). The microscope setup was the same as described for ATP measurements except that CFP and YFP excitation were provided by the 457-and 515-nm lines of diode-pumped solid-state lasers (Cobolt) and fluorescence was detected at 485/25 nm and 560/40 nm (Semrock).
Patch-clamp analysis of Ca 2+ currents
The elecrophysiological recordings were done using whole-cell patch-clamp recordings from cells in intact islets. The extracellular solution contained in mM: 140
NaCl, 3.6 KCl, 2 NaHCO 3 , 0.5 NaH 2 PO 4 , 5 Hepes (pH 7.40 with NaOH) and 2.6 
Statistics
Means ± SEM for the indicated number of observations are given. For testing differences, Students' t-test was used (unpaired or paired depending on the experimental conditions) as indicated.
Results
Characteristics of tyrosine kinase signal transduction in Shb-knockout islets
Since Shb is a signal transduction protein downstream of tyrosine kinase receptors and since altered signaling characteristics were previously observed in Shb-deficient cells, we decided to investigate FAK, IRS1/2, Akt and ERK signaling in Shbknockout islets by usage of phospho-specific antibodies recognizing active forms of these signaling intermediates (Fig 1) . Basal FAK activity at 5.6 mM glucose was elevated as a consequence of absence of Shb. The increase was modest (42%) but typical for the level of increase previously observed as a consequence of Shb deficiency (Funa, et al. 2009; Gustafsson, et al. 2013 ). Downstream of FAK in betacells are IRS-proteins (Baron, et al. 1998 ). We assessed IRS-1/2 activity with an antibody that recognizes the phosphotyrosine characteristic of the active form of both proteins (pY612). Based on the total IRS-2 protein reactivity on the blots, the predominant phospho-reactive component in the current setting appeared to be IRS-2 (Fig 1) . IRS-2 activity was increased by 19%. Akt and ERK are downstream of both FAK and IRS-2. Akt activity was increased by 51% whereas ERK activity showed a large variability with an average increase of 36% that failed to reach statistical significance.
One target of Akt is glycogen synthase kinase 3-beta (GSK-3b), which becomes inhibited through Akt phosphorylation (Woodgett 2005) . GSK-3b is a negative regulator of beta-catenin and consequently beta-catenin levels increase and betacatenin translocates to the nucleus where it alters gene transcription upon Akt activation (Woodgett 2005) . As Akt activity was increased in Shb-knockout islets, we found it relevant to investigate beta-catenin levels and nuclear translocation (Fig 2) .
These were both increased in Shb-deficient islets, suggesting that the increase in FAK activity has implications for beta-catenin dependent gene transcription via enhanced
Akt activity.
Gene expression of proteins involved in exocytosis
We next determined gene expression levels of various proteins relevant to the exocytotic process using real-time RT-PCR. The genes analyzed were Rab3a, Snap25
(synaptosomal-associated protein 25), Vamp2 (vesicle-associated membrane protein 2), Munc18-1 (Stxbp1, syntaxin binding protein 1) and Stx1a (Syntaxin1a) ( Table 1) .
None of these was differentially expressed in Shb-knockout islets compared with control islets, suggesting that altered expression of these exocytosis proteins are not likely explanations for the reduced first-phase insulin secretory response.
Sub-membrane ATP levels and intracellular Ca 2+ handling in Shb-knockout islets
To investigate whether abnormalities in glucose stimulus-secretion coupling can explain the secretory defect we measured the submembrane ATP concentration with TIRF microscopy and the fluorescent ATP sensor Perceval in islets exposed to a step increase in glucose concentration from 3 to 20 mM. This stimulation resulted in a pronounced rise of ATP (Fig 3) , which was of similar magnitude in both wild-type (48±3% increase of Perceval fluorescence) and Shb-knockout (50±2%) islets (p>0.6) suggesting that absence of Shb does not impair the ability of beta cells to generate ATP in response to glucose stimulation. (Fig 5) ,
suggesting that the defective insulin secretion is not due to alterations of intracellular Ca 2+ handling.
Glucose-induced cAMP generation is delayed in Shb-knockout islets
First peak insulin secretion has been found to relate to cAMP generation (IdevallHagren, et al. 2010) and we therefore investigated the dynamics of glucose-induced cAMP generation. Interestingly, the rise of cAMP triggered by an elevation of the glucose concentration from 3 to 20 mM was delayed by approximately one minute in Shb-knockout islets compared to control (Fig 6) . This provides a potential explanation for the impaired first-peak insulin secretory response observed in these islets.
Inhibition of FAK triggers rise of sub-membrane cAMP
Increased FAK activity has previously been reported to stimulate insulin secretion in response to glucose stimulation (Rondas et al. 2011) . We decided to address whether FAK activity can be related to insulin secretion also in the current setting by monitoring the submembrane cAMP concentration since active FAK has been shown to recruit a cAMP-degrading phosphodiesterase (Serrels, et al. 2011; Serrels, et al. 2010 ). Addition of 10 µM of the FAK inhibitor 14 (Golubovskaya, et al. 2008;  exposed to 3 mM glucose caused a progressive increase in the basal cAMP concentration (Fig 7) , suggesting that FAK indeed may exert negative control of cAMP signaling.
Discussion
Shb was originally described as a serum-inducible gene in beta-cells (Welsh, et al. 1994 ) but subsequently found to be a ubiquitously expressed adapter protein with Bernal-Mizrachi, et al. 2001; Elghazi, et al. 2007) . One consequence of Akt activation is phosphorylation of the beta-catenin regulator GSK-3b, leading to increased expression of beta-catenin and its nuclear translocation (Elghazi et al. 2007 ). This will participate in the anti-apoptotic effect of Akt via changes in gene transcription (Elghazi et al. 2007 ).
Even if the expression of many genes can be expected to be altered as a consequence 
